An unanticipated superparamagnetic response has been observed in cobalt ferrite materials after thermal treatment under inert atmosphere. Cobalt ferrite particles were prepared via normal micelle precipitation that typically yields Co x Fe 3−x O 4 nanoparticles ͑x = 0.6− 1.0͒. While samples thermally treated under oxygen show majority spinel phase formation, annealing in nitrogen gas yields materials consisting of Co-Fe alloy, FeS, and CoFe 2 O 4 spinel. After thermal treatment, thermomagnetic studies reveal composition-insensitive, but highly treatment-sensitive, saturation magnetization, coercivity, blocking temperature, and Verwey transition temperature dependence. Extremely high saturation magnetization ͑159 emu/g͒ with low coercivity ͑31 Oe͒ was observed for one of the treated compositions, which drastically deviates from prototypical cobalt ferrite with large magnetocrystalline anisotropy. We attribute such unique magnetic response to Co-Fe alloy coexisting with FeS and CoFe 2 O 4 spinel where the diameter of the metallic phase is below the superparamagnetic limit. While thermal treatment in nitrogen was not anticipated to yield Co-Fe alloy, chemisorbed surfactant molecules ͑i.e., sodium dodecylsulfate͒ are postulated to act as reducing agents in the present scenario.
I. INTRODUCTION
Superparamagnetic ͑SPM͒ nanoparticles are multifunctional solids whose size provides utility for both magnetic exchange and physical use. 1 The overwhelming application interest provides strong impetus toward understanding and controlling the phase, composition, and size as related to the basic magnetic response. Transition metal oxide nanoparticles are simple and inexpensive to fabricate in large quantities with uniform physical and magnetic properties and can be encapsulated, 2,3 functionalized, 4 or left naked as an ambient stable oxide.
Many basic studies of transition metal oxide nanoparticles have been completed that relate magnetic responsecoercivity ͑H c ͒, saturation magnetization ͑M s ͒, relaxation time, permeability and/or blocking ͑T B ͒, Verwey ͑T V ͒ or Curie ͑T C ͒ transition-to raw diameter, [5] [6] [7] [8] [9] [10] [11] [12] [13] shape, or crystalline anisotropy, [14] [15] [16] [17] [18] [19] composition, 20, 21 coordination, [22] [23] [24] [25] density, 26 exchange interaction, [27] [28] [29] [30] phase or structure, [31] [32] [33] surface effects, [34] [35] [36] [37] [38] [39] spin-orbit coupling, 40 and/or system temperature. Such studies have provided many trends: for example, decreasing particle size leads to decreased H c and T C but increased T B or surface spin disorder, and spin-orbit coupling and/or interparticle interaction leads to increased anisotropy energy that tends to increase H c and decrease M s . For bulk cobalt ferrites, 41 cubic anisotropy is known to dominate since the orbital contribution is not quenched by the lattice. For cobalt ferrite nanoparticles, reports of large magnetocrystalline anisotropy and/or surface anisotropy, as based on coercivity, susceptibility, or reduced remnance fitting, have been projected. 14, 16, 17, [19] [20] [21] [22] [23] 25, 30, 33, 35, 40 Less information has been reported for transition metal chalcogenides. The exchange and anisotropy mechanisms for transition metal sulfur and selenium compounds have been reported sparsely. [42] [43] [44] [45] [46] [47] Also, there are some calculations of itinerant ferromagnetism and half-metallicity. [48] [49] [50] [51] [52] However, the chalcogen situation can be convoluted as some FeS compounds are reported as ferrimagnetic 53 with CoSO 4 existing as a canted antiferromagnetic. 54 Although the science of iron reduction from iron ore has a͒ been known for centuries, the translation of this science into magnetically useful nanoparticles has not been reported and is an important advance. In the work presented here, we find a very weak anisotropy response for thermally treated nanoparticles that undergo a chemical reduction ͑similar to Fe from Fe 3 O 4 but on the nanoscale͒ wherein low coercivity, low reduced remnance, and unusually high saturation magnetization values are observed. The chemical reduction provides an environment conducive to the formation of a mixture of Co-Fe alloy, FeS, and CoFe 2 O 4 spinel.
II. EXPERIMENT
A normal micelle synthetic route previously reported by Li et al. 6 was used as the guide in the preparation of Co x Fe 3−x O 4 nanoparticles with x = 0.6, 0.8, and 1.0. In brief, targeted amounts of high-purity ͑i.e., 99.998+ %͒ iron nitrate hydrate and cobalt nitrate hydrate were dissolved in 18 M⍀ de-ionized water to give a total metals molarity that was fixed at either 0.01 or 0.02 mol/L. To this solution, sodium dodecylsulfate ͑SDS͒ was added to give a concentration of 0.03 or 0/06 mol/L. The mixture was then heated to 50°C in a water bath. After thermal equilibrium, 0.045 mol of 6 M NaOH solution ͑also at 50°C͒ was added with stirring, yielding a brownish-yellow precipitate. After slow cooling overnight, the reaction solvent was decanted and excess SDS was extracted from the cobalt ferrite solid product with acetone via Soxhlet extraction. These extracted materials were dried in an 80°C oven overnight and then stored in a sealed vial under inert conditions until being subjected to the thermal treatments.
For the thermal treatments, approximately 50 mg aliquots of the Co x Fe 3−x O 4 particles were loaded into alumina crucibles and placed onto a quartz boat and then moved into the center of a three-zone quartz tube Linberg furnace. The tube was purged with reactant gas ͑i.e., nitrogen or oxygen͒ until 10ϫ the volume of the tube had passed over the samples and through the exit oil bubbler. The flow rate was then reduced to a trickle and the samples were subjected to thermal treatment at 500, 600, 700, or 800°C with total time of ϳ2 h at maximum temperature followed by a slow cool to ambient. Sample nomenclature in this report is defined as xGT, where x is the cobalt ratio, G the background gas during reduction, and T the first digit of the maximum temperature during reduction. For example, the sample referred to as 6N5 is Co 0.6 Fe 2.4 O 4 annealed in nitrogen at 500°C. Magnetization as a function of temperature ͑5-400 K͒ and applied field ͑0-9 T͒ were completed using a Quantum Design physical properties measurement system with the vibrating sample magnetometer ͑VSM͒ option, calibrated by a DyO standard. The superconducting magnets were zeroed before each nonfield cooled measurement and the VSM frequency was held at 40 Hz. X-ray powder diffraction data were collected using a Phillips PW3040 X'pert-MPD multipurpose diffractometer in Bragg-Brentano geometry ͑Cu K␣ radiation͒ with a Cu monochromater, programmable divergence, scatter and receiving slits, and soller slits on both incident and diffracted beams. Average crystallite sizes of the identified structure phases were determined using Scherrer analysis 55, 56 with National Institute of Standards and Technology standard reference material 660a ͑LaB 6 ͒ used for determination of the instrumental line broadening factor ͑B͒. For transmission electron microscopy ͑TEM͒ images, diluted samples were placed on 300 mesh Formvar coated grids using an eppendorf micropipette and immediately wicked off with filter paper. After allowing the sample to dry, images were obtained using a JEOL 100CX II transmission electron microscope at 80 keV for 100 000ϫ magnification.
III. RESULTS

A. X-ray diffraction analysis: Phase identification
Qualitative x-ray powder diffraction analyses were performed on the treated and untreated nanoparticles as a method to discriminate between unique crystal structures. with a summary of phase identification presented in Table I 4 . Similarly, while the Co-Fe alloy structure phase was identified in 6N5 and 6N8, ␣-Fe has the same crystal structure, and the extent alloy substitution was not determined.
B. Magnetic measurements
Magnetization as a function of applied field was measured for all compositions and treatments; the values of H c , M s , and M r are compiled in Table II . The coercivity values range from 4 to 1199 Oe, with remanent magnetization results from 0.03 to 28.7 emu/g and saturation magnetization values span an astonishing range from 20 to 159 emu/g. Figures 3 and 4 show M͑H͒ for the 6N5 and 6N8 treated particles at 5 and 300 K. For 6N5 the coercivity increases tremendously with decreasing temperature whereas for 6N8 the coercivity remains invariant, which provides one of the key pieces of evidence regarding reduction and the possibility of superparamagnetic Fe and CoFe inclusions within the spinel matrix. Magnetization as a function of temperature was measured for field cooled ͑FC͒ and nonfield cooled ͑NFC͒ samples to determine the blocking and Verwey transition temperatures. Figure 5 shows the M͑T͒ results for the 6N5 and 6N7 particles, where the field applied during cooling was 2 T.
C. Particle diameter
The diameter of nanoparticles in each sample ͑d max ͒ has been calculated and is compiled in Table II as determined by Eq. ͑1͒, 57 following the use of the Langevin function, 58 where k is the Boltzmann constant, T is temperature, ͑dM / dH͒ is the slope of the initial ͑virgin͒ magnetization curve, is the density, and M s is the saturation magnetization. The following equation,
determines the least upper bound of particle size from the largest magnetization contribution as the initial magnetic field is applied. Another method to determine particle diameter that is also derived from Langevin theory, but uses relaxation time and anisotropy, is the following relation:
where T B is the blocking temperature, K 1 ͑T B ͒ is the blocking temperature dependent anisotropy constant, and V is the vol- Magnetization as a function of applied field on the particle system 6N5. The black solid line is for measurements completed at 300 K, while the dashed curve was completed at 5 K. The inset demonstrates the low temperature shift to higher coercivity and remanent values.
FIG. 4.
Magnetization as a function of applied field on the particle system 6N8. The black solid line is for measurements completed at 300 K, while the dashed curve was completed at 5 K. The inset demonstrates the low coercive and remanent values despite anisotropy inducing cobalt.
ume. The magnetocrystalline anisotropy is a result of a fit to the Brukhatov-Kirensky theory 59, 60 that gives
The blocking temperature of particles treated in nitrogen at 500°C, as extracted from Fig. 5 , is 315 K. From this, a particle diameter of 14 nm is determined. The same process is used for particles annealed in nitrogen at 800°C with a T B ϳ 50 K to yield a diameter of 17 nm which follows the general trend from measurement of TEM images ͑Fig. 6͒, wherein the particle diameter increases proportionally with treatment temperature. Particle diameters were also determined by x-ray diffraction ͑XRD͒ using Scherrer analysis where the trend of larger particle diameter to higher annealing temperature was found for both the oxygen and nitrogen atmospheres. Overall, a comparison between all four diameter determination methods ͑two experimental and two theoretical methods͒ yields disparate values.
It should be mentioned that use of TEM to determine particle diameter distribution for these systems is somewhat misleading especially for particles treated at higher temperatures. Even after extensive sonication, the particle sizes and agglomerations make individual identification difficult ͑Fig. 6͒. The average crystallite size determined by XRD is also ambiguous as multiphase inclusions cause effective line broadening that might otherwise be more localized for the individual phases relative to the whole ensemble particle. Specifically, the spinel structured phases determined from Scherrer analysis were found to have crystallite sizes ranging from 5 to 60 nm, while those of the Co-Fe phases were found to be on the order of 180-200 nm; both inconsistent with the TEM data and superparamagnetic response. With regard to the diameter calculations, relaxation time in a system of unknown shapes often distorts the anisotropy axes. Furthermore, the multiphase nanoparticles-within-nanoparticles composition, with the postulated Co-Fe phases as the major moment contributors, causes the meaning of the initial susceptibility to be indistinct. Therefore, the application of "standard" nanoparticle diameter analysis on multiphase solids as discussed before is not straightforward, but the general trends are consistent.
IV. DISCUSSION
A. Treatment and composition dependence on nanoparticle magnetic response
Many trends in magnetic response with respect to nanoparticle preparation conditions can be extracted from the phase ͑Table I͒ and gross diameter calculations ͑Table II͒. One of the most noticeable trends is the tremendous increase in coercivity of all three compositions treated in oxygen at 800°C relative to all other treated particles. We attribute these high H c values to a high uniaxial anisotropy 35 in the standard CoFe 2 O 4 spinel phase, overall larger particle size, and the presence of high coercivity hematite 61 ; however, the coercivity does not significantly decrease with decreased cobalt content as found by others. 20 It should be emphasized that no sulfur-based phases were observed for the 6O8 particles. For all the particles treated in oxygen and those treated in nitrogen at 800°C, a reduced saturation magnetization relative to bulk CoFe 2 O 4 is found. This reduction in M s follows arguments regarding surface spin disorder and resulting anisotropy made by others. 35 Betancourt et al. 40 found that increased cobalt content leads to significantly decreased M s ; however, we find M s very consistent between compositions while differing only by treatment conditions. All compositions treated in nitrogen at 600°C or above, show a high M s value relative to all other cobalt ferrite nanoparticle reports 11, 21, 22, 33, 35, 40 and to bulk cobalt ferrite ͑90 emu/g͒. 58 Because the saturation values are so high ͑159 emu/g͒ relative to bulk cobalt ferrite, an explanation involving other phases and especially the role played by ␣-Fe is needed. Without knowing the exact ionic distribution or degree of inversion of the spinel structure from Mössbauer, we use XRD and magnetic results to piece together what mechanisms and processes are present in these systems.
B. Treatment implications on nanoparticle structure
The XRD results for the 6N5, 6N8, 6O5, and 6O8 compositions indicate a mixture of phases that comprise the nanoparticles. An illustration of the real space nanoparticle makeup may not be drawn solely from the XRD results, but may be constructed by combining those results with the magnetic measurements and some knowledge of transition metal reduction. It is interesting to note that at 600°C and above, the cobalt ferrite particles are somehow reduced to give the metallic Co-Fe/ ␣-Fephase. While a similar observation was made by Schneeweiss et al. 32 who annealed under H 2 gas, no reducing agent was intentionally added to the system in the present study. Upon careful examination of the nanoparticle mixture, some amount of SDS surfactant was found to be chemisorbed to the surface of the Co ferrite particles. We believe this surface-bound surfactant becomes an active reagent during the thermal treatment. For example, the sulfate end group on the SDS molecule is likely involved in the formation of the CoSO 4 ·6H 2 O phase. In addition, the dodecyl straight chain hydrocarbon functional group ͑-C 12 H 25 ͒ is likely acting as a reducing agent under the conditions employed in this study as follows.
While surfactants such as SDS would typically be oxidized to yield rather nonreactive species such as CO 2 and H 2 O, thermal treatment in the absence of oxygen ͑i.e., under N 2 gas͒ likely gives reducing species such as C, CO, and/or H 2 . It is surmised that the metal species observed in the products for this present study ͑i.e., ␣-Fe, Co-Fe alloy͒ are a consequence of such species reacting with the solid products of the Co ferrite precipitation reaction. Similar behavior has been reported previously where reduction of Fe 2 O 3 with C initiated at temperatures as low as 600-800°C. 62 Those authors report a stepwise reduction, and it is likely that the ␣ -Fe and Co-Fe formed in this study also follows in a similar stepwise fashion ͓i.e.,
More details of materials chemistry of this system will be presented elsewhere. 63 For the 6N8 nanoparticle system, the XRD results indicate a large presence of ␣-Fe/ Co-Fe with some accompanying spinel and FeS phase. The magnetic measurements of the 6N8 particles indicate an H c = 31 Oe, M r = 0.88 emu/ g, and M s = 159 emu/ g. Because of the presence of iron, the small coercivity and the large remanent magnetization, we feel that one possible model is that of spherical iron nanoparticles embedded in cobalt ferrite and FeS where the iron particle size is below the single domain limit. 18 In analogous studies, by the Schneeweiss group, 32 such high M s and low H c values were not obtained and beg the question as to whether it is the presence of cobalt, trace sulfur, or some other combination that is producing such unusual results.
C. Temperature dependence of the magnetization
Magnetization as a function of temperature for the 6N5 and 6N8 treated particles ͑Fig. 5͒ indicates two transitions in both the FC and NFC measurements. The first dramatic intensity reduction at 120 K may be attributed to the Verwey transition as observed by others 5, 23, 32, [64] [65] [66] with the higher temperature transition indicating the blocking temperature ͑ϳ315 K͒. The T B values observed here are within a 50 K range of those reported for cobalt ferrites and suggest larger relative particle size and increased relaxation time, although the exact mechanism responsible for blocking temperature value is controversial. 1, 28, 67 Another possibility for the sharp transitions at 120 K could be the critical ferromagnetic or blocking temperatures of the sulfur based phases [42] [43] [44] [45] [46] [47] or the FeS, Fe 3 S 4 Verwey transition at 118 K. 68 Figures 2 and 3 demonstrate the change in hysteretic properties between 5 and 300 K for the 6N5 and 6N8 nanoparticle systems. The change in magnetic response for 6N5, but invariance for 6N8 may be explained within the physical structure model constructed above for the spinel and coexisting ␣-Fe/ Co-Fe metallic phase. Thus, for the 6N5, magnetocrystalline anisotropy dominates at lower temperature as is expected. However, for the 6N8, a strong blocking transition is not observed in the M͑T͒ curve, which may indicate the lack of any strong anisotropy-even putting into question whether these nanoparticles are superparamagnetic by conventional definition. Further M͑T͒ investigations into higher temperature coupled with Mössbauer and susceptibility studies are required. The presence of FeS phases could also account for the M͑T͒ and M͑H͒ results, but we find this unlikely because of the typically weak ferrimagnetic response. 53 The results for all compositions of interest may be summarized as follows:
O5, N5-The nanoparticles treated at 500°C in oxygen or nitrogen exhibit a magnetic response typical for cobalt ferrite nanoparticles with a large change in coercivity upon cooling. However, we observe a smaller coercivity overall at room temperature ͑4 Oe͒ relative to any other published reports on cobalt ferrites. The CoSO 4 phase does not play a significant role.
N6, N7, N8-Nanoparticles treated above 500°C in nitrogen demonstrated very high M s values ͑159 emu/g͒ and low H c ͑31 Oe͒ with a strong indication of Co-Fe/ ␣-Fe, cobalt ferrite spinel and FeS present. Such evidence leads us to postulate the presence of a stable alloy or metal nanoparticles whose diameter is at or less than the critical superparamagnetic diameter. These metallic nanoparticles coexist with a spinel and FeS phase where inter-iron exchange and/or surface, shape and magnetocrystalline anisotropy is quite limited as the magnetic hysteresis remains invariant between 5 and 300 K while the blocking transition is also very weak.
O8-Structural results indicate a mixture of hematite and magnetite or maghemite structures. Coercivity is much larger than others measured ͑ϳ1150 Oe͒ with moderate values for saturation magnetization ͑25 emu/g͒. The reduced remanence is significantly higher than all other treatment conditions reported here and is ascribed to magnetocrystalline anisotropy.
D. Anisotropy and reduced remanence
The value of reduced remanence ͑M r / M s ͒ provides a rough means by which exchange interaction and magnetocrystalline anisotropy can be studied. The Stoner-Wohlfarth model 69 which couples magnetocrystalline anisotropy with reduced remanence has been adapted for nanoparticles systems 11, 21, 33 wherein multiaxial and surface anisotropies in addition to interexchange are considered. With the exception of those particles treated in oxygen at 800°C, the reduced remanence values shown in Table II 21 and Coey 37 include multidomains, defects or a high degree of cobalt oxide, all of which could be possible given the diffuse XRD spectra but are improbable given the low values for H c .
V. CONCLUSION
A diverse range of magnetic responses and structural phases have been obtained from a set of cobalt ferrite compositions subjected to one of two different thermal treatments. Of special interest are all compositions treated in nitrogen above 600°C where M s values are greater than and H c values less than other reports for bulk or nanoparticle cobalt ferrite or cobalt/iron sulfur compounds. The model generated for the N5 and N8 system is not that of stoichiometric cobalt ferrite, but nanocrystals of Co-Fe/ ␣-Fe with a diameter that is at or below the superparamagnetic limit coexisting with sulfide ͑FeS͒ and oxide ͑CoFe 2 O 4 ͒ phases. Composition dependence ͑i.e., x = 0.6, 0.8, and 1.0 for Co x Fe 3−x O 4 ͒ does not indicate significant trends in magnetic response or physical structure. However, wild differences in magnetic and physical structure from the thermal treatment and background gas condition do exist and are important reduction mechanisms.
These particles are of interest because refractory superparamagnetic particles with extreme saturation moments and low coercivity, relative to other ferrite nanoparticles, may be produced inexpensively in large quantities using standard wet chemistry and simple thermal treatment. The magnetic response reported here is of interest to both the applied and basic communities. For application, the low coercivity but high saturation magnetization particles annealed in nitrogen above 500°C do not win out on relative permeability, when compared to CO-NETIC® or permalloy, but they do offer flexibility due to their size with respect to particle-in-liquid dispersions that may be coated as films or incorporated in a useful medium. The earlier system is of basic interest because magnetocrystalline and surface anisotropy are found to be awkwardly low, especially in the case of cobalt doping where spin-orbit effects are usually dominant. Last, a greater investigation of the nanostructure and transition metal dependence for reduced ferrites to mixed ferrite/sulfate and elemental species with respect to control of diameter, phase, surface modification and interparticle distance may provide even more unusual magnetic behavior than observed here.
ACKNOWLEDGMENTS
This work was supported by the Defense Microelectronics Activity ͑DMEA͒ under agreement No. DMEA 90-02-2-0218 and the NSF through ND EPSCoR Grant No. EPS-0447679.
1
